The effect of copper stress on betacyanin accumulation and guaiacol peroxidase (GPOD) activity in leaves of different age was evaluated in red beet (Beta vulgaris L. var. Crosby Egyptian) plants. In hydroponic culture, plants were treated with 0.3 μM (control), 50 μM, 100 μM, and 250 μM of CuSO 4 for 6 days. Copper was taken up and accumulated in old roots but was not translocated to leaves. However in young leaves, the increase of lipid peroxidation and reduction of growth were evident from day 3 of copper exposure; whereas in old leaves, the lipid peroxidation and growth were the same from either copper-treated or control plants. In response to copper exposure, the betacyanin accumulation was evident in young leaves by day 3, and continued to increase until day 6. Betacyanin only were accumulated in old leaves until day 6, but the contents were from 4 to 5 times lower than those observed in young leaves at the same copper concentrations. GPOD activity increased 3.3-and 1.4-fold in young and old leaves from day 3 of copper treatment respectively, but only in the young leaves was sustained at the same level until day 6. Old roots shown betacyanin in the control plants, but the betacyanin level and growth were reduced with the copper exposure. In contrast, young roots emerged by copper effect also accumulated copper and showed the highest betacyanin content of all plant parts assayed. These results indicate that betacyanin accumulation and GPOD activity are defense responses to copper stress in actively growing organs. 
Introduction
High levels of copper in the environment may originate from natural sources, industrial activity, or the use of fungicides in agriculture [1] . Copper is an essential plant micronutrient, involved in the photosynthetic electron transport, where plastocyanin is a copper-binding protein. It is also cofactor of several enzymes such as cytochrome oxidase, superoxide dismutase and ascorbate oxidase [2] . The exposure of plants to copper concentrations higher than those required for optimal growth results in phytotoxicity, causing growth inhibition and cell death. The inhibitory effects of copper on leaf growth in Arabidopsis thaliana arise from inhibition of cell expansion [3] . Inhibition of primary root growth by copper could result from the arrest of cellular division and/or nuclear membrane damage in the meristematic zone [4, 5] , whereas the stimulation of cell division at sites distant from root tips is associated with changes in the distributions of auxin and cytokinin, which increase lateral root formation [6] . These observations, together with the demonstration that morphogenic growth responses to excess copper resemble those induced by sources of oxidative stress, such as the herbicide paraquat or tertbutylhydroperoxide, an analogue of hydrogen peroxide (H 2 O 2 ) [3] , suggest that the reorientation of plant growth in response to copper toxicity involves changes in phytohormone distribution and the metabolism of reactive oxygen species (ROS).
Elevated levels of intracellular copper generate oxidative stress through increasing the levels of ROS, which in turn increase rates of lipids and proteins oxidation [7] [8] [9] . The quantification of lipid peroxidation has been used as an indicator of oxidative damage in leaves and roots of copper-exposed plants [7, [10] [11] [12] [13] [14] . Peroxidases such as guaiacol peroxidases (GPOD) are also considered to be reliable markers of metal stress. These enzymes catalyze the oxidation of several substrates, such as phenolics, lignin precursors, auxin, and secondary metabolites [15] . Given that copper stimulates the activities of coniferyl alcohol peroxidase and indole-3-acetic acid oxidase in Pisum sativum roots [16] , it has been proposed that GPOD could contribute to cell wall lignification, growth regulation and antioxidant defense responses [11, 17, 18] .
Several studies have demonstrated a differential toxicity of copper in leaves. Copper exposure inhibited the growth of Phaseolus coccineus young leaves, but the growth of older leaves remained unchanged even though they showed evidence of chlorosis [19] . Copper inhibited the growth of Cucumis sativus young leaves, but had no effect on the area of mature leaves, even though photosynthesis was inhibited [20] . At the cellular level, chlorophyll breakdown and lipid peroxidation in copper-exposed segments of old leaves were higher than in young leaves segments of Avena sativa [21] . However, studies concerning the relationship between toxicity of copper and the antioxidant responses in plant organs at different developmental stages are scarce. For example, Luna et al. [21] reported that young leaves segments of Avena sativa exposed to copper exhibited less oxidative damage and a higher increase in the activity of superoxide dismutase than segments of old leaves. Although it was reported that exposure of Morus alba plants to copper caused uniform yellowing in old leaves, the effects of copper toxicity on the activities of antioxidant enzymes were only evaluated in younger leaves [22] .
The accumulation of secondary metabolites with antioxidant activity is also a defense response to copper exposure. Oxidative stress caused by exposure to high levels of copper was implicated in the accumulation of phenolic compounds in Withania somnifera plants and the accumulation of polyamines in Triticum aestivum plants [11, 13] . Furthermore, incubation of wheat leaf segments in the presence of spermine prior to copper treatment prevented subsequent lipid peroxidation [13] . The copper accumulation in roots and leaves of Matricaria chamomilla increased the content of phenolic acids that may contribute to the avoidance of lipid peroxidation in leaves [12, 23] . In Raphanus sativus shoots, the increases in cinnamic and benzoic acid derivatives and reduction in levels of ascorbate are dependent of the copper concentration. In this study a H 2 O 2 detoxification system was suggested, that could be formed by phenolic acids and reduced ascorbate and a peroxidase [14] . The accumulation of secondary metabolites with antioxidant activity in response to copper stress may depend of the developmental stage of the organ. Skórzyńska-Polit et al. [24] reported that the increase in the flavonol content was higher in young leaves than in old leaves of P. coccineus after copper treatment.
Betacyanins are tyrosine-derived chromoalkaloids synthesized by members of nine families of the order Caryophyllales [25] . In vitro assays demonstrated the antioxidant activity of betacyanin present in Beta vulgaris L. roots [26, 27] . Betacyanin accumulation in plants has been linked with oxidative stress factors such as exposure to UV radiation in Mesembryanthemum crystallinum [28] , wounding and bacterial infiltration in leaves of Beta vulgaris L. [29] , as well as low temperatures, high salinity and exposure to exogenous H 2 O 2 in Suaeda salsa [30, 31] . However, the effect of copper on betacyanin accumulation in leaves and roots at different developmental stages and its relationship with the toxicity symptoms has not been evaluated. Here we report for first time that the betacyanin accumulation and GPOD activation are defense responses in actively growing organs in plants of Beta vulgaris L. exposed to copper.
Material and methods

Seed germination and plant material
Seeds of red beet (Beta vulgaris L. var. Crosby Egyptian) were germinated between paper towels moistened with distilled water in darkness at room temperature (25 ±2°C). Fiveday-old seedlings were transplanted into plastic pots filled with a sterile mixture of peat moss and metromix (1:3, w/w). Plants were grown at 21 ±2°C, with 60% relative humidity and a 16 h light/8 h dark photoperiod, with a photosynthetic photon flux density of 68 μmol × m −2 × s −1 provided by fluorescent white light lamps (Osram L140W/20, Danvers, MA). Plants with three pairs of true leaves were treated with copper. Leaves between 7 and 17 days of age were classified as young, and those 34-36 days of age were classified as old leaves. Roots present at the time that treatment was initiated were referred to as old roots, and roots that emerged within 6 days of copper treatment were referred to as young roots.
Copper treatment
Roots of 7-week-old plants were washed twice with deionised water in order to eliminate excess growth substrate. Plants were then transferred to boxes (10 4 . After a 4-days adaptation period, plants were treated with copper for 6 days by adding additional CuSO 4 to the media. The copper concentrations evaluated were 50 μM, 100 μM, and 250 μM CuSO 4 , and the nutritive solution was renewed every 3 days. For all determinations, tissue samples were collected from both old and young leaves and roots.
Levels of betacyanin, copper, and lipid peroxidation were determined at the time that treatments began, and at 3 and 6 days after exposure to copper. Chlorophyll content, leaf area and root length were measured after 6 days of treatment.
Copper content
Metal ions adhered to all roots were removed by incubating the roots in deionised water for 30 min, followed by incubation 10 mM CaCl 2 for 10 min. Leaves and roots were dried in an oven (Lab-Line Instruments, Inc., Melrose Park, IL) at 70°C for 24 h prior to being ground using a pestle and mortar. The powder was digested with HNO 3 :H 2 O 2 (1:1, v/v) mixture in a MARSXP15000 Plus microwave (CEM Corporation, Matthews, NC) at 150°C for 15 min. Total copper concentration was determined by atomic absorption spectroscopy using a Varian SpectrAA 55B flame spectrometer (Varian, Inc., Palo Alto, CA) at a wavelength of 324.8 nm. Experiments were performed at the Chemical Laboratory of the Science Institute, Benemérita Universidad Autónoma de Puebla, Mexico. Data were expressed as μg copper × g −1 dry weight (DW).
Determination of total chlorophylls
Two leaf discs (0.5 cm) were cut, frozen in liquid nitrogen and then immediately homogenized in 1 mL of 80% acetone. After centrifugation at 15000 × g for 15 min, the absorbance of the supernatant at 646.8 and 663.2 nm was measured using a Genesys 2 spectrophotometer (Thermo Spectronic, Madison, WI). Total chlorophyll content was calculated according to the equations proposed by Lichtenthaler [32] .
Lipid peroxide determination
Lipid peroxidation was determined by measuring thiobarbituric acid reactive substances (TBARS) as described previously Alia et al. [33] . Six 0.5 cm discs of fresh leaves were homogenized in 1 mL of trichloroacetic acid (5%, w/v) and extracts were centrifuged at 15000 × g for 10 min. The supernatant was transferred to vials containing 1 mL of reaction buffer (0.5% thiobarbituric acid in 20% trichloroacetic acid solution), incubated for 30 min in a water bath at 95°C, and cooled in an ice bath for 10 min. Samples were centrifuged at 9500 × g for 10 min at 15°C. The absorbance of the supernatant was measured at 532 nm, and the non-specific absorbance at 600 nm was subtracted. Results were expressed as malondialdehyde (MDA) equivalents in nmol × g −1 fresh weigh (FW) and calculated using a standard curve prepared using known concentrations of MDA.
Quantification of betacyanins
Root segments (ca. 25 mg) or four 0.5 cm disc of fresh leaves were ground with a pestle and motor-driven grinder (SigmaAldrich Co., St. Louis, MO) in Eppendorf tubes. Samples were homogenized with 1 mL distilled water, and incubated at 85°C in agitation (300 rpm) for 5 min. Extracts were centrifuged at 9500 × g for 10 min at 25°C. The absorbance of the supernatant was measured at 540 nm, and the betacyanin content was calculated according to standard curve with known concentrations of betanin purified by high-performance liquid chromatography as described previously Schwartz and von Elbe [34] . Data were expressed in mg betanin equivalents × g −1 FW.
GPOD activity
For each sample, three 0.5 cm discs from leaves were frozen in liquid nitrogen and ground in Eppendorf tubes with 0.005 g of poly(vinylpolypyrrolidone) and activated charcoal mixture (1:1, w/w) to eliminate pigments. Samples were homogenized in 300 μL of cold extraction buffer [50 mM sodium phosphate buffer (pH 6.0) containing 1 mM ethylenediamine tetraacetic acid, 1 mM DL-dithiothreitol, 1 mM phenylmethanesulfonyl fluoride]. The homogenate was centrifuged at 15000 × g for 30 min at 4°C. The GPOD activity was estimated by monitoring the formation of tetraguaiacol at 470 nm for 3 min, as described previously by Stasolla and Yeung [35] . The reaction mixture consisted of 0.799 mL of 50 mM sodium phosphate buffer (pH 6.0), 0.001 mL of 3 M guaiacol, 0.1 mL of enzyme extract, and 0.1 mL of 0.3% (v/v) H 2 O 2 . The enzyme activity was calculated using the molar extinction coefficient for tetraguaiacol (26.6 mM −1 × cm −1 ).
Foliar area and root length
Young and old leaves were scanned in black/white 200 dpi format using a HP F4280 scanner (Hewlett-Packard Company, Palo Alto, CA). The areas were calculated using Image J 1.43 software and the results were expressed in cm 2 . Lengths of the longest roots were measured using a ruler.
Statistical analysis
The results reported in tables and figures represent mean values ±SE of at least two independent experiments. For data related to copper content, leaf area, root length, chlorophyll content and betacyanin content in young leaves and roots, one-way analysis of variance (ANOVA) was performed and data transformation was used when was necessary (lnx). Pairwise comparisons were done using the Tukey test at p < 0.05. Kruskal-Wallis analysis followed by Dunn's test for comparisons of means was used only for analyses of betacyanin contents in old leaves. Student's t-test was used to evaluate the statistical significance of any differences in the GPOD activity data. All statistical analyses were done using the statistical software package SigmaStat ver. 3.5 (Systat Software Inc., San Jose, CA).
Results
Copper content in roots and leaves
At the beginning of treatment (day 0), young and old leaves of control plants (0.3 μM) showed a copper content of 13.30 ±3.16 and 15.09 ±1.34 μg × g −1 DW, respectively. The Tab. 1 shows that these copper contents in leaves of control plants did not change during the 6 days of incubation. After treatment of copper for 3 days, only 50 μM of copper caused in young leaves an increase of 34% in the copper content. Whereas, the copper content in old leaves was not modified after treatment with copper for 3 and 6 days.
The copper content of old roots in control plants (day 0) was 71.30 ±15.67 μg × g −1 DW. This copper content was ca. 4 times higher than those found in young and old leaves of control plants (day 0). Nonetheless, accumulation of the metal was evident in old roots from day 3 of treatment, and the extent of the accumulation was proportional to the increase of copper concentration in the nutrient solution. The maximum copper accumulation was found in old roots of plants treated with 250 μM of copper for 6 days. This copper content is 208-fold higher than that found in control roots (Tab. 1). In general, old roots had copper contents 1.8, 85.6, 221.5, and 480.2-fold higher than those found in leaves of plants treated with 0.3 μM, 50 μM, 100 μM, and 250 μM of copper for 6 days, respectively. Due young roots were developed after 3 days of treatment, the copper content only was determined at day 6 and the highest copper content was found in plants treated with 250 μM of copper (Tab. 1). 
Effect of copper on chlorophyll content
At the beginning of treatment (day 0) in control plants, the chlorophyll content in young leaves (7.85 μg × disco −1 ) was 44 % higher than that found in older ones (5.45 μg × disco −1 ). These chlorophyll contents in young and old leaves of control plants were not modified after 6 days of incubation (Tab. 2).
After copper treatment, young leaves were characterized by a turgid appearance, whereas old leaves appeared chlorotic and dry (Fig. 1a,b) . The chlorophyll content in young leaves did not change with exposure to increasing concentrations of copper and was always higher than that found in the old leaves. In old leaves treated with 50 μM, 100 μM, and 250 μM of copper, the respective chlorophyll contents were 32%, 39%, and 57% lower of those in control plants (Tab. 2).
Differential effects of copper on leaf and root growth
Leaf growth was differentially affected by copper, depending the age of the leaves. Young leaves of plants treated with 100 and 250 μM of copper showed reductions in foliar surface areas of 21% and 29%, respectively, in comparison to young leaves from control plants. In contrast, foliar surface areas of old leaves did not change in plants treated with copper (Tab. 2).
The root growth was reduced by 22%, 29%, and 28% following exposure to 50 μM, 100 μM, and 250 μM of copper, respectively (Tab. 2). Another difference was the formation of young roots at the top of the principal roots of plants exposed to all concentrations of copper tested.
Effect of copper on lipid peroxidation
In control plants incubated for 3 and 6 days, the level of lipid peroxidation was 1.4-fold higher in old leaves than in young leaves (Fig. 2a,b) . The lipid peroxidation in young leaves was increased 3.9, 3.4 and 5.8 times with exposure to 50 μM, 100 μM, and 250 μM of copper for 3 days. Even though the average value of lipid peroxidation in young leaves treated for 3 days with 250 μM of copper is higher than that found with 100 μM of copper, data of treatment with 250 μM have high dispersion and did not show statistically significant difference.
The lipid peroxidation in young leaves of plants treated with 50 and 100 μM of copper for 3 days remained at the same level until day 6 (Fig. 2a) . However, the level lipid peroxidation was reduced in young leaves of plants exposed to 250 μM of copper for 6 days. Unlike young leaves, old leaves did not show any change in the lipid peroxidation with copper treatment (Fig. 2b) .
Differential accumulation of betacyanin
Young and old leaves of control plants (0.3 μM) showed a low level of betacyanin after 3 and 6 days of incubation (Fig. 3) . Copper treatment induced in young leaves the development of red pigmentation associated with the betacyanin content (Fig. 1a) . Young leaves accumulated betacyanin after 3 days of copper treatment. Maximum accumulation was observed after 6 days of copper treatment, with betacyanin contents 5.2-, 5.7-, and 6.4-fold higher than that found in the control (Fig. 3a ). In contrast, the level of betacyanin in old leaves increased until day 6. Betacyanin contents were 3.6, 4.8, and 3 times lower than those found in young leaves at the same copper concentrations (Fig. 3b) .
At the beginning of treatment in control plants, old roots showed a yellow-red pigmentation and betacyanin contents did not change during the incubation period. After copper treatment, old roots developed a dark-brown pigmentation and this change in pigmentation correlated with a decrease in betacyanin content (Fig. 4) . In contrast, young roots developed in plants treated with copper for 6 days showed a red-violet pigmentation and accumulated betacyanin at levels close to 30 mg × g −1 FW with all copper concentrations (Fig. 1d, Fig. 4 ). This mean betacyanin content was 2.6-and 5.9-fold higher than the highest betacyanin contents found in leaves and old roots, respectively (Fig. 3, Fig. 4 ).
Activity of GPOD
At the beginning of treatment (day 0), young and old leaves of the control plants showed GPOD activities of 0.15 and 0.07 μmoles × min −1 × g −1 FW, respectively. This GPOD activity in old leaves increased 2.8-fold after 6 days of incubation, whereas in young leaves did not change (Fig. 5) .
The treatment with 50 μM of copper causes a negative effect on root growth, chlorophyll content and lipid peroxidation. Likewise, this copper concentration induced betacyanin accumulation. Thus, we decided that this concentration is adequate to evaluate defense responses to copper stress, such as GPOD activity. GPOD activity in young leaves increased 3.3-fold with the copper exposure for 3 days, and was sustained until day 6 (Fig. 5a) . GPOD activity was also enhanced 1.4-fold after 3 days of copper treatment and did not change at day 6 (Fig. 5b) .
Discussion
Plants have developed mechanisms to maintain the appropriate concentrations of metals ions in different plant organs and cellular compartments. The exposure to high levels Values are means ±SE; chlorophyll content: n = 6-9; leaf area: n = 13-21; roots growth: n = 14-21. Mean values in the same column followed by different superscript letters are significantly different according to Tukey's test (p < 0.05). One-way ANOVA shows statistical significant difference at *** p < 0.001. nd -not determined; ns -statistically not different.
essential metals ions, such as copper activates in plants the homeostatic mechanism to minimize the toxic effects of metal. The retention of metals in roots to prevent their translocation to shoots is a strategy used by many plants to tolerate heavy metal stress [36] . The accumulation of copper was evident in B. vulgaris roots with exposure to copper for 6 days, but the metal was not translocated to leaves (Tab. 1). Similar results have been reported for Brassica napus, where copper content increased in the roots, but not in the leaves throughout the course of exposure to elevated levels of copper [37] . Lequeux et al. [6] suggested that the lignin accumulation in cell walls of endodermis or xylem limits copper efflux from the vascular cylinder to the shoot. Accordingly, exposure of M. chamomilla plants to copper was associated with increased lignin deposition in the roots [23] . Forty percent of the copper retained in the roots of rice plants results from immobilization of the metal in the cell wall [38] . Cysteine-rich proteins that bind copper to form stable complexes have been detected in the cell walls, vesicles, and cytoplasm of meristematic cells in the root of Allium sativum after copper treatment [5] .
Old leaves of control plants had consistently less chlorophyll than young leaves. The observation that the level of lipid peroxidation in old leaves was higher than that found in young leaves at either day 3 or day 6 (Tab. 2, Fig. 2 ) further suggests that the old leaves used in this study may already have been in the early stages of senescence when treatment began. Given that senescence is a catabolic process that leads to nutrient recycling, chloroplast degeneration is one of the earliest events in the process. It is accompanied by a decrease in photosynthetic activity, chlorophyll degradation, and protein loss [39] .
Chlorophyll content in old leaves of B. vulgaris plants decreased progressively with the increase of copper concentration, with the leaves turning completely yellow and sometimes dying at the highest copper concentration tested. In young leaves treated with copper, chlorophyll content did not change and the leaves remained turgid (Fig. 1, Tab. 2) . Therefore, consistent with previous studies that demonstrated a connection between copper-induced senescence and the developmental stage of the leaves [9, 22] ; we observed that copper accelerated the senescence of old leaves, but not had effect on young leaves. Although copper was not translocated to leaves, the differential betacyanin accumulation was evident in young and old leaves from plants treated with copper, whereas betacyanin levels remained unchanged in young and old leaves of control plants (Tab. 1, Fig. 3 ). The accumulation of betacyanin in young leaves, which was evident at day 3 and day 6 after the beginning of treatment, was accompanied by increases in lipid peroxidation (Fig. 2a, Fig. 3a) . In old leaves, betacyanins accumulated until day 6, although their levels were lower than those found in young leaves from plants exposed to the same copper concentrations. Moreover, copper had no effect on rates of lipid peroxidation in old leaves (Fig. 2b, Fig. 3b ). These results suggest that betacyanin accumulation in young leaves of B. vulgaris may be a defense response to copper-induced oxidative stress, and that a signal molecule may be transferred from roots to leaves. Accordingly, Russo et al. [37] reported an increase in the level of reduced glutathione and the induction of glutathione reductase activity in Brassica napus leaves, where no translocation of copper occurred. In Phaseolus vulgaris leaves, increases in the amount of reduced ascorbate and the activities of the enzymes monodehydroascorbate reductase and dehydroascorbate reductase were observed before the accumulation of copper in leaves [40] . Studies involving A. thaliana plants exposed to copper suggest that oxylipins or jasmonates could be involved in this interorgan signaling through the lipoxygenase genes expression [41, 42] .
Results of this study shown that organ age also affected the accumulation of betacyanin in B. vulgaris roots exposed to copper. Betacyanin content decreased in old roots with the increase in the copper content. However, new roots that were formed as result of copper treatment showed the highest betacyanin content of any of the plant organs we tested (Fig. 4) . Similar to the copper effect observed in leaves, results in roots suggest that betacyanin are accumulated in actively growing organs. Accordingly, Skórzyńska-Polit et al. [24] found that copper induced higher rates of flavonol accumulation in young leaves than in old leaves of P. coccineus plants.
Age-dependent differences in the effects of copper stress on leaves have been reported for other factors capable of causing oxidative stress. In Pisum sativum plants exposed to the herbicide paraquat, the youngest and more photosynthetically active leaves were less susceptible to injury than older leaves, possibly as a result of higher basal levels of transcripts and activities of the antioxidant enzymes superoxide dismutase and glutathione reductase [43] . Relative to younger leaves, old tobacco leaves showed constitutively lower levels of antioxidant compounds and higher levels of H 2 O 2 that resulted in photooxidative stress following exposure to paraquat [44] . Non-enzymatic antioxidants were also activated differentially in young and mature leaves of A. thaliana subjected to drought stress. Young leaves showed an increase in anthocyanin content and less photooxidative stress [45] . All of these studies showed that young leaves have an active defense system that ensures plant survival under stressful conditions.
The results obtained in this work show for first time that betacyanin accumulation is induced by copper stress in planta. Secondary metabolites may contribute to antioxidant defense responses to copper stress in plants. Copper-induced accumulation of chlorogenic acid in M. chamomilla leaves could prevent lipid peroxidation [12] . Pre-treatment of leaf segments with the polyamine spermine prevented the loss of glutathione reductase enzyme activity and reduced increases in levels of lipid peroxidation and H 2 O 2 content induced by copper [13] .
It has been suggested that betacyanin accumulation in B. vulgaris plants may contribute to counteracting the oxidative stress caused by wounding and bacterial infiltration [29] . Similarly, watering the roots of Suaeda salsa with H 2 O 2 induces betacyanin synthesis in leaves [31] . However, other components of the antioxidant system of B. vulgaris L. plants may also be involved in the higher tolerance to copper stress of young organs compared with older ones. Our results show that induction of GPOD activity and lipid peroxidation in copper-treated plants was higher in young leaves than in old leaves (Fig. 2a,  Fig. 5a ). Consistent with these findings, Mediouni et al. [10] reported an increase in both levels of MDA and GPOD activity in leaves of Solanum lycopersicon plants exposed to elevated levels of copper. Some authors suggested a role for GPOD enzymes in scavenging ROS or mediating the lignification of cell walls in copper exposed plants [11, 17, 18] . Sgherri et al. [14] have proposed a hypothetical H 2 O 2 scavenging system that comprises phenolics and peroxidase enzymes. The antioxidant activity of betacyanin has been demonstrated in vitro, and betacyanin oxidation by peroxidases of B. vulgaris roots has been described [26, 27, 46] . The betacyanin-peroxidase system may thus be part of an antioxidant response in B. vulgaris plants to copper stress. However, studies about the activation of enzymes involved on betacyanin synthesis and the levels of ROS are needed to analyze the role of these metabolites in tolerance of young leaves to metal stress.
The inhibition of leaf growth of B. vulgaris plants also varied with age. Whereas copper inhibited the growth of young leaves, the sizes of old leaves did not change upon exposure to copper (Tab. 2). These results indicated a differential effect with the leaf age. The most likely explanation for this observation is that whereas old leaves were totally expanded when the copper treatment was applied, young leaves were in the process of expanding. Pasternak et al. [3] attributed the decrease in growth of A. thaliana leaves to the effect of copper on cell expansion. Accordingly, leaves of Phaseolus coccineus in a stage of intensive growth showed reduced foliar surface areas and fresh weights after copper treatment. The metal caused chlorosis in older leaves but the foliar surface areas were unaffected [19] . The results in B. vulgaris leaves suggest the participation of a signal molecule, which is transported from roots to leaves and triggers a series of events leading to inhibition of leaf expansion in young leaves and accelerated senescence in old leaves.
Inhibition of root growth in B. vulgaris L. correlated with the increasing copper accumulation in this organ (Tab. 1, Tab. 2). Previous studies showed that copper accumulation in Zea mays roots led to the inhibition of cell division and root growth [4] . Moreover, growth inhibition of primary and lateral roots in copper-exposed A. thaliana plants was related to a decrease in viability of the apex cells [6] . Copper exposure also inhibited cell elongation, thereby reducing root diameter in Sorghum bicolor [47] . A decrease in the mitotic indices of meristematic cells of A. sativum roots was accompanied by degenerative changes that finally led to disruption of nuclear membranes, disintegration of organelles and cell death [5] .
Elevated levels of copper in B. vulgaris L. induced the emergence of new short roots with red pigmentation (Fig. 1d) . In addition to phytotoxic effects on roots, copper excess triggers reorganization of the radical system. According to Lequeux et al. [6] , changes in the distributions of auxin and cytokinin are involved in remodeling of the A. thaliana root system. Furthermore, treatment with tert-butyl hydroperoxide, an analogue of H 2 O 2 , resulted in similar root architecture to that obtained in A. thaliana plants treated with copper, suggesting the participation of ROS in the control of these morphological changes induced by stress [3] .
We conclude that the copper accumulated in B. vulgaris L. roots may activate a signaling process to the leaf and triggers a series of events that promote oxidative damage in young leaves and accelerate the senescence of older leaves. The betacyanin accumulation and GPOD activity in actively growing organs are induced as a defense response to oxidative damage caused by copper.
